Membrane raft size measurements are crucial to understanding the stability and functionality of rafts in cells. The challenge of accurately measuring raft size is evidenced by the disparate reports of domain sizes, which range from nanometers to microns for the ternary model membrane system sphingomyelin (SM)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/cholesterol (Chol). Using Förster resonance energy transfer (FRET) and differential scanning calorimetry (DSC), we established phase diagrams for porcine brain SM (bSM)/ dioleoyl-sn-glycero-3-phosphocholine (DOPC)/Chol and bSM/POPC/Chol at 15 and 25°C. By combining two techniques with different spatial sensitivities, namely FRET and small-angle neutron scattering (SANS), we have significantly narrowed the uncertainty in domain size estimates for bSM/POPC/Chol mixtures. Compositional trends in FRET data revealed coexisting domains at 15 and 25°C for both mixtures, while SANS measurements detected no domain formation for bSM/POPC/Chol. Together these results indicate that liquid domains in bSM/POPC/Chol are between 2 and 7 nm in radius at 25°C: that is, domains must be on the order of the 2-6 nm Förster distance of the FRET probes, but smaller than the~7 nm minimum cluster size detectable with SANS. However, for palmitoyl SM (PSM)/POPC/Chol at a similar composition, SANS detected coexisting liquid domains. This increase in domain size upon replacing the natural SM component (which consists of a mixture of chain lengths) with synthetic PSM, suggests a role for SM chain length in modulating raft size in vivo.
Introduction
The membrane raft model posits that lipids in cell membranes self-organize into compositionally distinct domains, differentiated primarily by hydrocarbon chain order [1, 2] . Rafts are thought to organize membrane-associated proteins through selective partitioning, thereby influencing diverse processes including protein transport and signaling. Raft-based explanations for cellular phenomena are often controversial, as rafts cannot be observed directly in resting cells using conventional fluorescence microscopy. Significant effort has gone toward developing techniques capable of detecting nanometer-scale rafts. As these techniques improve, the emerging consensus is that rafts are small, transient clusters of lipids and proteins that can coalesce upon external stimulus to spatially reorganize membrane components and produce functional consequences for the cell [3] [4] [5] [6] . To further understand mechanisms responsible for raft stability and functionality in cells at the level of lipid-lipid and lipid-protein interactions, raft sizes must be measured.
Though biological membranes are complex mixtures, substantial progress has been made by studying chemically simplified models for the mammalian outer leaflet, where rafts are implicated in processes including virus entry and exit, and transmembrane signaling. Mixtures comprising three lipid components-a high melting (high-Tm) lipid (di-saturated phosphatidylcholine or SM), a low-Tm lipid (e.g., containing at least one chain unsaturation), and Chol-exhibit key properties associated with rafts [7] . These minimal systems mimic the composition of specific biological membranes and reproduce a variety of complex phenomena, including the coexistence of liquid-ordered (Lo) and liquid-disordered (Ld) domains, yet their compositional simplicity makes them amenable to studies of composition-and temperature-dependent behavior.
Recent work has revealed an important role for the low-Tm lipid (e.g., DOPC or POPC) in the mesoscale control of membrane domain size [8] [9] [10] . DOPC is not typically found in cell membranes but has enjoyed popularity in model membrane experiments due to its propensity to induce micron-sized fluid domains in ternary mixtures [11] . In contrast, POPC is an abundant low-Tm lipid in the outer leaflet of the plasma membrane [12] and has been studied in ternary mixtures using techniques sensitive to submicron length scales [8, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Ternary mixtures containing POPC together with a high-Tm lipid and Chol seem to exclusively exhibit nanoscale Ld+Lo heterogeneity [24] , as opposed to the micron-sized domains observed in DOPC-containing mixtures.
Di-saturated phosphatidylcholine lipids (e.g., DPPC and DSPC) are commonly chosen as high-Tm lipids for bilayer phase studies, despite their relative scarcity in mammalian plasma membrane. While much is now known about the phase behavior of these lipids in raft mixtures, the influence of SM, an abundant outer leaflet lipid, on raft properties remains poorly understood. Unlike glycerol-based lipids, SM is capable of forming both inter-and intra-molecular hydrogen bonds because it possesses both hydrogen bond donors and acceptors in its sphingosine backbone. The hydrogen-bonding capability of SM might contribute to the intrinsically high order of this class of lipids. This, or other chargepairing and hydrophobic effects, may play an important role in raft formation through SM-Chol interactions [25] .
Macroscopic coexisting Ld+ Lo domains have been observed in the mixture SM/DOPC/Chol using fluorescence microscopy of giant unilamellar vesicles (GUVs) [26] [27] [28] [29] [30] [31] . A more biologically relevant model system would replace DOPC with POPC. Zhao et al. found that in mixtures with POPC and Chol, a variety of SM species suffer from domain artifacts due to photo-induced lipid modification, including peroxidation or cross-linking, which are directly related to the presence of fluorophores [32] . By using dilute probe concentrations, limiting the illumination intensity and duration, and carefully observing the time dependence of domain formation, it was concluded that no macroscopic Ld+ Lo phase coexistence occurs in SM/POPC/Chol [32] . This result implies that if rafts exist in these biologically important systems, they must be smaller than the~200 nm resolution limit of light microscopy.
Using techniques with sensitivity to nanometer length scales, researchers have published phase diagrams for ternary mixtures of SM/ POPC/Chol that include large regions of Ld+Lo phase coexistence [14, 16, 19, 23, 29] , albeit with large discrepancies in the locations of phase boundaries and the topology of the phase diagrams. These discrepancies may be related, in part, to the widespread use of fluorescence techniques for establishing phase boundaries, in combination with excessive fluorophore concentration [32] [33] [34] [35] . For these biologically important mixtures, we turn to alternative techniques including FRET with very low probe concentrations, and probe-free approaches including SANS and DSC. We report on the phase behavior of bSM/DOPC/Chol and bSM/ POPC/Chol from 15 to 35°C, including detection of Ld+Lo phase separation in bSM/POPC/Chol with FRET, but not with SANS. Taking into account the different spatial sensitivities of these techniques, we conclude that nanodomains are present in bSM/POPC/Chol, but not larger than~7 nm radius.
Materials and methods

Materials
Sphingolipids and glycerophospholipids were purchased from Avanti Polar Lipids (Alabaster, AL) as lyophilized powder (PSM, PSMd31, POPC-d31) or stock solutions in chloroform (bSM, DOPC, POPC). Lipid stock solutions were prepared in HPLC grade chloroform with concentration determined to b1% by inorganic phosphate assay. SM stocks included 0.5% methanol by volume to prevent precipitation during humid weather. For all sample preparations described below, chloroform mixtures of lipids and probes were prepared in glass culture tubes using a glass syringe (Hamilton USA, Reno, NC). For FRET and DSC measurements, multilamellar vesicles (MLVs) were prepared from these mixtures using rapid solvent exchange (RSE) [36] . For SANS measurements, MLVs were prepared by dry film hydration. For FRET samples, the aqueous buffer contained 200 mM KCl, 5 mM PIPES, and 1 mM EDTA at pH 7.0. DSC and SANS samples were prepared in water: H 2 O for DSC, and an appropriate D 2 O/H 2 O mixture for SANS. TLC analysis of randomly selected samples exhibited no evidence of lipid breakdown after measurement.
Förster resonance energy transfer (FRET)
Phase diagrams for bSM/DOPC/Chol and bSM/POPC/Chol were determined with FRET using the experimental methodology of preparing samples at regular increments over the composition space, as described previously [8, 37] . Samples were prepared at 3.6 mol% compositional increments, up to 66 mol% Chol. Fluorescent probes were combined in a single chloroform stock to obtain a desired probe ratio, and all samples received a fixed volume of this stock. Samples contained three probes comprising two donor/acceptor FRET pairs: DHE/BoDIPY-PC and BoDIPY-PC/LR-DOPE. Probe concentrations (expressed as probe/ lipid ratio) were 1/100 for DHE, and 1/1500 for BoDIPY-PC and LR-DOPE. In addition to FRET samples containing all dyes, three sets of controls containing a single dye were prepared at 10 mol% compositional increments, with concentrations 1/100 (DHE) and 1/1000 (BoDIPY-PC and LR-DOPE). Samples containing only lipid (i.e., no probe) were prepared at representative Lo, Ld, and gel phase compositions. Single-dye and lipid-only controls were used to correct raw FRET signals as described previously [38] .
FRET measurements were performed with a Hitachi F-7000 spectrofluorimeter (Hitachi High Technologies America, Schaumburg, IL) equipped with a temperature-controlled cuvette holder (Quantum Northwest, Inc.). Measurements were performed at 15, 25, 35, and 45°C for bSM/DOPC/Chol, and at 5, 15, 25, and 35°C for bSM/POPC/ Chol. (Procedures for maintaining sample temperatures within 1°C throughout the measurement process are described in Supplementary Materials S1.1.) Samples were diluted into buffer gently stirring in the cuvette for a final concentration of 32 μM (total lipid). Intensity measurements were made using 5 and 10 nm excitation and emission slits, respectively, and a 2.0 s integration time, at six pairs of excitation and emission wavelengths (ex/em in nm). While only two channels are sensitized acceptor emission (SAE) FRET signals [39] , the remaining channels are necessary to correct for donor and acceptor bleedthrough, and scattering of the excitation light [38] . The six channels include DHE fluorescence (327/393), BoDIPY-PC SAE (327/520), BoDIPY-PC fluorescence (500/520), LR-DOPE SAE (500/587), LR-DOPE fluorescence (565/587), and vesicle scattering (440/428). A full measurement for each sample was acquired in~1.5 min.
Differential scanning calorimetry (DSC)
MLVs prepared by RSE were centrifuged for 1 h at 9000 rpm (11,726 g ) at 10°C in a Sorvall RC 5B Plus using an SA-600 rotor. The supernatant was removed, and the remaining MLV samples had concentrations of 8 mg/mL (for 0 mol% Chol samples) or 15 mg/mL (for 10 mol% Chol compositions). Samples were stored at 4°C until measurement. Thermograms were acquired on a Nano Differential Scanning Calorimeter with active temperature control for both heating and cooling scans (TA Instruments, Waters LLC, New Castle, DE). Alternate fast heating and cooling scans at a scan rate of 2°C/min were performed twice (a total of 4 scans) to equilibrate samples before performing slow heating and cooling scans at a scan rate of 0.2°C/min. Only the slow scans were used for data analysis.
Data analysis was performed using Mathematica v7. A baseline was subtracted, and the temperatures of phase coexistence onset and completion were determined using the model-free tangent construction method [40, 41] . Additional analysis details are found in Supplementary Materials S2.
Small-angle neutron scattering (SANS)
Chloroform mixtures of lipids were evaporated under a gentle N 2 stream followed by drying in vacuo for >12 h. MLVs were prepared by dry film hydration. Briefly, the dry films were hydrated with an appropriate D 2 O/H 2 O mixture preheated to 50°C, then mechanically agitated to disperse the lipid. In some cases, brief (b5 s) sonication was necessary to remove the lipid film from the tube walls. The MLV suspension was then incubated for 1 h at 50°C, followed by 5 freeze/thaw cycles between −80°C and 50°C. MLVs were stored at −80°C and extruded b 24 h prior to measurement. Unilamellar vesicles (ULVs) were prepared by passing the sample 41 times through a single 50 nm diameter pore size filter, using a hand-held mini extruder (Avanti Polar Lipids, Alabaster, AL) heated to 50°C on a hot plate. Final sample concentrations were 10-15 mg/mL, a concentration that ensures sufficient water between vesicles to eliminate the interparticle structure factor, thereby simplifying data analysis [42] .
SANS experiments were performed at Oak Ridge National Laboratory (ORNL) at both the High Flux Isotope Reactor (HFIR) on the CG-3 Bio-SANS instrument and the Spallation Neutron Source (SNS) on the BL-6 extended Q-range small-angle neutron scattering (EQ-SANS) instrument. ULV suspensions were loaded into 1 mm path length quartz banjo cells (Hellma USA, Plainview, NY) and mounted in a temperature controlled cell holder with 1°C accuracy. All samples were incubated at the desired temperature for >30 min prior to measurement. Bio-SANS data were acquired using neutrons of wavelength (λ) 6 Å with a Δλ/λ of 15%. With sample-to-detector distances (SDD) 1.7 and 14.5 m, the resulting scattering vector (q) range was 0.005
EQ-SANS data were acquired with a 6-10 Å wavelength band and SDD 4.0 m, resulting in a q range 0.005
He position-sensitive detector (ORDELA, Inc., Oak Ridge, TN) with 192×192 pixels (Bio-SANS) or 256×192 pixels (EQ-SANS) was used to collect scattered neutrons.
Software provided by ORNL was used to reduce the 2D data, correcting for detector pixel sensitivity, dark current, and sample transmission. Background scattering due to water was subtracted. Radial averaging of the corrected 2D data yielded the 1D scattering intensity I vs. q, where q is calculated as q = 4π sin (θ)/λ for neutron wavelength λ and scattering angle 2θ relative to the incident beam. Additional analysis details are found in Supplementary Materials S3.
Results
Steady-state probe-partitioning FRET (SP-FRET)
We used FRET between fluorescent lipids to examine the composition-and temperature-dependent phase behavior of bSM/ DOPC/Chol and bSM/POPC/Chol. FRET is sensitive to changes in the distribution of donor/acceptor distances that accompany phase separation [43] . Briefly, when a single phase is present, probes are distributed in the plane of the bilayer such that FRET efficiency varies only gradually with composition. Relative to this baseline behavior, FRET efficiency changes dramatically upon crossing into regions of phase coexistence, depending on the relative partitioning behavior of the probes. FRET efficiency is enhanced in composition regions where both probes prefer the same phase, and reduced where probes prefer different phases. Compositional regions exhibiting these two classes of behavior are termed "regions of enhanced or reduced efficiency" (REE or RRE, respectively). To obtain reliable measurements at low probe concentrations where absolute FRET efficiencies are low, we measured SAE while exciting the donor [39] . We used two Ld-preferring probes, BoDIPY-PC and LR-DOPE, which exhibit REE behavior in coexistence regions containing Ld phase. In addition, samples contained the fluorescent cholesterol analog DHE, which partitions modestly into ordered phases [44] , forming an RRE pair with BoDIPY-PC.
bSM/DOPC/Chol
The upper panels of Fig. 1 show FRET from BoDIPY-PC to LR-DOPE at 15, 25, and 35°C. The dominant feature in the 15 and 25°C data is a pair of peaks of enhanced FRET on the right side of the phase diagram (i.e., low DOPC concentration). The REE on the binary bSM/Chol axis around 5-15 mol% Chol corresponds to colocalization of probes possibly in Lo clusters coexisting with Lβ. In contrast, on the DOPC/Chol binary axis, modest FRET variation indicates complete miscibility and continuous changes with increasing Chol. The second FRET peak, located at 60 mol% bSM and 30 mol% Chol, marks the right-hand boundary of the Ld+ Lo region. In the vicinity of this peak, the disorder-preferring probes are concentrated in the minority Ld phase due to strong partitioning, and the reduced average donor-acceptor separation distance results in enhanced FRET efficiency. The upper boundary of the Ld+ Lo region at~40 mol% Chol is clearly observed as an abrupt change in FRET. Enhanced FRET in single-phase compositions just above the Ld+ Lo region persists at 45°C (Fig. S1 ), suggesting a critical point at bSM/DOPC/Chol~0.30/0.33/0.37 [8] .
The lower panels of Fig. 1 show FRET from DHE to BoDIPY-PC at 15, 25, and 35°C. The most prominent feature in the 15 and 25°C data is a valley of reduced FRET efficiency in the Ld + Lo coexistence region due to segregation of DHE and BoDIPY-PC between the Lo and Ld phases, respectively. The deepest part of this valley seems to correspond to the tieline with the largest compositional separation between the Ld and Lo phases (i.e., the most compositionally distinct coexisting phases). Following this logic, the Ld + Lo FRET peak (Fig. 1 , upper panels) corresponds to the same tieline. Connecting the FRET peak and valley therefore gives an estimate of the direction of Ld + Lo tielines. FRET along this tieline is shown in Fig. 2 . The positive tieline slope (33°) indicates greater Chol concentration in the Lo phase.
Focusing on the temperature dependence of the features described above, the RRE and REE decrease in magnitude, and the range of compositions over which these features persist contracts slightly upon increasing the temperature from 15 to 25°C. FRET is nearly homogeneous at 35°C, as bSM mixes to a greater extent with DOPC. The absence of enhanced and reduced FRET regions at 35°C indicates lipid miscibility, despite the persistence of modest FRET trends. These trends are even less pronounced at 45°C (Fig.  S1 ), above the bSM melting temperature.
bSM/POPC/Chol
Unlike bSM/DOPC/Chol, bSM/POPC/Chol does not exhibit macroscopic Ld+Lo phase coexistence in GUVs examined by fluorescence microscopy [32] . However, the sensitivity of FRET to nanometer distance scales could reveal heterogeneity in bSM/POPC/Chol, similar to the FRET peak and valley described above for bSM/DOPC/Chol. The upper panels of Fig. 3 show FRET from BoDIPY-PC to LR-DOPE at 15, 25, and 35°C. In contrast to bSM/DOPC/Chol, only the FRET peak located around 5-15 mol% Chol on the binary bSM/Chol axis is observed. As for bSM/DOPC/Chol, this REE peak corresponds to colocalization of probes possibly in Lo clusters coexisting with Lβ. However, a ridge of enhanced FRET extends from this peak across the ternary composition space at~20 mol% Chol, such that slices through the data ( Fig. 4A ) exhibit characteristic REE behavior, albeit reduced in magnitude, relative to corresponding slices in bSM/ DOPC/Chol ( Fig. 2A ). This ridge is consistent with coexisting Ld+Lo domains with average radii close to the~6 nm R 0 of this probe pair. With increasing POPC fraction, the height of this ridge decreases; along the POPC/Chol binary axis, only a gradual increase in FRET occurs with increasing Chol, indicating nearly uniform mixing.
The lower panels of Fig. 3 show FRET from DHE to BoDIPY-PC. In the 15 and 25°C data, a region of reduced FRET efficiency consistent with Ld+ Lo coexistence is seen in trajectory slices (Fig. 4B) . Given that the R 0 of the DHE/BoDIPY-PC pair is~2 nm, it is reasonable to conclude that coexisting Ld+ Lo domains have average radii between 2 and 6 nm at 15 and 25°C. For both probe pairs, nearly uniform mixing is observed at 35°C.
DSC
We used DSC to investigate bSM/DOPC and bSM/POPC phase behavior at low Chol concentration, where gel phases are present. We estimate that all boundaries are subject to an uncertainty in χ bSM of~± 0.03. Fig. 6 shows phase diagrams for bSM/DOPC/Chol (left) and bSM/ POPC/Chol (right), constructed from FRET and DSC data. DSC data (Fig. 5) were used to determine the Ld+ Lβ boundaries on the binary bSM/DOPC and bSM/POPC axes, and FRET data (Figs. 1 and 3) were used to determine the boundary of the Ld+ Lo coexistence region. Slices through the surface data, like those shown in Figs. 2 and 4, were taken, and additional DHE/BoDIPY-PC FRET trajectories at~0.5 mol% compositional resolution were employed (data not shown). Phase boundaries were estimated where the FRET signal exhibits a change in slope as a function of composition along the slice [38] , with typical uncertainties shown in Figs. 2 and 4 (gray vertical shading). Difference FRET surfaces (Figs. S2-S3) obtained by subtracting the highest temperature data from lower temperature data were also used to better detect temperature-dependent changes, as described in Supplementary Materials S1.2. Similarities between the bSM/DOPC/Chol and bSM/POPC/ Chol phase diagrams indicate that changing the low-Tm lipid from DOPC to POPC does not significantly alter the phase diagram.
Phase diagrams
SANS
SANS measurements of ULVs were performed at several compositions in SM/DOPC/Chol and SM/POPC/Chol, under conditions designed to detect the formation of Ld+ Lo domains. Figure S7 shows a schematic diagram of the experiment. Briefly, SANS arises from three additive components [46] : (1) a mean component from scattering length density (SLD) contrast between the average bilayer composition and the solvent; (2) a radial component from SLD variation in the direction normal to the bilayer plane (we note that the radial SLD profile of a lipid bilayer can be approximated by two slabs corresponding to the headgroup and acyl chain regions); and (3) a lateral component from in-plane SLD variation. The total scattered intensity due to each component is proportional to the square of the corresponding SLD contrast. SLD of the solvent and acyl chains can be controlled experimentally, by adjusting the ratio of D 2 O/H 2 O in the aqueous medium, and the ratio of deuterated/protiated chains in the bilayer. We selectively deuterated only one component, either the high-Tm or low-Tm lipid. We matched the average SLD of the solvent and acyl chain region, such that random mixing of lipids . DSC provides phase boundaries for binary bSM/PC/Chol mixtures. Onset and completion temperatures for bSM/DOPC (triangles), bSM/POPC (squares), and bSM/POPC with 10 mol% Chol (circles). Phase boundaries at 15 and 25°C were used in constructing the phase diagrams in Fig. 6 . The transition temperature for DOPC is taken to be the literature value −18.3+/−3.5°C [74] . Dashed lines indicate interpolated phase boundaries. Thermograms used to construct these phase diagrams appear in Figs. S4-S6. within the plane of the bilayer resulted in a nearly contrast-free system with minimal scattering (additional details are found in Supplementary Materials S3.1 and Table S1 ). Upon domain formation, the lateral segregation of high-and low-Tm species generated in-plane contrast, resulting in increased scattering. Contrast matching conditions were verified experimentally, as described in Supplementary Materials S3. Fig. 7, upward-pointing triangles) , which is likely due to differences in domain area fraction for these samples. Fig. 7, squares) directly corresponds to one of the DOPC-containing samples (Fig. 7 , upward-pointing triangles). The composition bSM/dPOPC/Chol = 0.375/0.375/0.25 (Fig. 7, circles) was chosen to facilitate a comparison with the literature (see Discussion). Both compositions are marked on the phase diagram in Fig. 6 . In stark contrast to the DOPC-containing compositions, essentially no scattering is observed for these compositions at 25°C (expanded in Fig. 6 inset) . The spatial detection limit of domain detection for SANS depends on several factors, including the area fractions of the coexisting phases and the contrast between (Figs. 2 and 4) through the high-resolution FRET surface data (Figs. 1 and 3) , as discussed in the text. Phase boundaries for Ld+Lβ coexistence were determined from the DSC phase diagrams (Fig. 5) . Points indicate compositions examined with SANS (Figs. 7-8 Table S2 . Switching from dPSM (squares) to dPOPC (circles) results in a significant increase in scattering, indicating that POPC partitions more strongly into Ld phase than PSM partitions into Lo phase. dPOPC should provide good contrast for detecting domains if they exist in bSM-or PSM-containing systems. Compositions are shown on the phase diagrams in Fig. 6 (diamonds) . Scattering curves appear in Fig. S9 . Sample compositions, scattering length densities, and contrast match conditions are listed in Table S3. domain and surround, which is in turn affected by partitioning of the deuterated lipid. Previous studies have detected in-plane scattering from domains with radii as small as~7 nm for compositions with similar area fractions to those used in these studies [10, 49] . The area fractions for these bSM/dPOPC/Chol compositions are similar to those described above for the corresponding dPSM/DOPC/Chol compositions. In particular, the area fractions for the composition bSM/dPOPC/Chol = 0.375/0.375/0.25 are expected to result in maximal signal from any in-plane contribution to scattering. We therefore conclude that domain radii at both compositions for bSM/dPOPC/Chol cannot be larger thañ 7 nm. This negative SANS result is consistent with our FRET results indicating liquid domains on the 2-6 nm size scale.
PSM/POPC/Chol
Brain SM contains a mixture of chain lengths, and exhibits a broad melting transition (Figs. S4-S5 ). We prepared additional SANS samples in SM/POPC/Chol using chemically pure PSM. For these samples, we had the choice of using either deuterated POPC or deuterated PSM to provide the lateral contrast. In the former case, dPOPC will partition into the POPC-rich Ld phase, while in the latter case, dPSM will partition into the SM-rich Lo phase. We prepared both types of sample at the composition PSM/POPC/Chol = 0.39/0.39/0.22, and for comparison, dPSM/DOPC/Chol at the same composition. Fig. 8 shows total scattered intensity as a function of temperature from 15 to 55°C, for dPSM/POPC/Chol (Fig. 8, squares) , PSM/dPOPC/ Chol (Fig. 8, circles) , and dPSM/DOPC/Chol (Fig. 8, triangles) . Sample details appear in Table S3 , and corresponding scattering curves are shown in Fig. S9 . Enhanced scattering from all three samples indicates coexisting domains between 15 and 35°C. Residual scattering at 35 and 45°C is more significant for DOPC-than POPC-containing samples, indicative of incomplete miscibility in the DOPC mixture at high temperature (also seen in the FRET data). Together, the FRET and SANS data suggest a miscibility transition between 35 and 45°C for SM/ POPC/Chol, and between 45°C and 55°C for SM/DOPC/Chol. Switching the deuterated species in the mixture PSM/POPC/Chol from PSM (Fig. 8 , squares) to POPC (Fig. 8, circles) results in a significant increase in scattering, consistent with the phase diagram, which indicates stronger partitioning of POPC into Ld phase, compared to the partitioning of PSM into Lo phase. For this reason, dPOPC should provide better contrast than dPSM for detecting domains in SM/POPC/Chol mixtures.
Discussion
The outer leaflet of the mammalian plasma membrane contains a substantial fraction of SM. Therefore, knowledge of the phase behavior of SM-containing model membranes is of great interest. Accurate phase diagrams provide information about the composition of coexisting phases that is crucial for the design and interpretation of systematic studies of raft phenomena. There are now many published reports of complete or partial phase diagrams for ternary mixtures containing synthetic or natural SM, cholesterol, and a low-Tm lipid (either DOPC or POPC). A comparison of these studies reveals significant differences in the location of phase boundaries, especially for the region of coexisting liquid phases.
The identity of the low-Tm lipid has a profound impact on the size of liquid domains, and we have found that parallel studies on DOPCand POPC-containing mixtures are especially useful for interpreting composition-dependent trends [8] . In this study, we used FRET and DSC to establish some phase boundaries in bSM/DOPC/Chol and bSM/ POPC/Chol at 15 and 25°C. In the following discussion we compare these results to published phase diagrams for SM/DOPC/Chol and SM/ POPC/Chol, and address potential sources of discrepancies in phase boundary locations. After accounting for different spatial sensitivities of the various techniques used to establish phase coexistence, broad composition-dependent trends in domain size are revealed, which may have important implications for biological membranes.
Binary phase behavior: comparison of bSM/DOPC and bSM/POPC
The binary phase diagrams determined with DSC (Fig. 5) proved useful in constructing the ternary phase diagrams for bSM/DOPC/Chol and bSM/POPC/Chol, by providing constraints on the Ld+Lβ phase boundaries. Binary phase diagrams have previously been determined for PSM/DOPC using DSC and fluorescence properties of trans-parinaric acid (tPA) (Nyholm 2011 ). DSC studies have been conducted on bSM/ POPC [16] and bSM/POPC/Chol [50] . The mixture egg SM (eSM)/POPC has been examined with DSC and small-and wide-angle X-ray diffraction [51] , and mixtures of PSM/POPC have been studied by fluorescence anisotropy [14, 19] and NMR [52] . These studies are in good overall agreement regarding the Ld+Lβ phase boundaries of SM/DOPC and SM/POPC mixtures.
Ternary phase behavior of bSM/DOPC/Chol
Ld + Lo region
Ld+ Lo phase boundaries are shown in Fig. 6 . FRET between probes that partition strongly into the Ld phase is particularly useful for determining its onset (i.e., the right-hand boundary). This is clearly the case for BoDIPY-PC and LR-DOPE (Fig. 1, upper panel) , which show a sharp increase in FRET near the bSM/Chol binary axis, implying that only a small amount of DOPC (b 5 mol%) is required to induce formation of the Ld phase from SM/Chol mixtures. This finding agrees well with phase boundaries determined using fluorescence microscopy of GUVs [29] [30] [31] . Using fluorescence lifetime of tPA, Nyholm and coworkers found markedly different phase boundaries for PSM/DOPC/Chol at 23°C, reporting the formation of Ld phase at 15-19 mol% DOPC [53] . However, as pointed out by the authors, the strong partitioning of tPA into ordered phases renders this probe less useful for determining the formation of small amounts of Ld phase.
The upper boundary of the Ld+Lo region at~40 mol% Chol is marked by abrupt changes in FRET for both probe pairs (Fig. 1) . This result is consistent with fluorescence microscopy results in SSM/DOPC/ Chol [31] , bSM/DOPC/Chol [30] , and PSM/DOPC/Chol [29] , as well as tPA lifetime in PSM/DOPC/Chol [53] . The phase boundary extends to above 40 mol% Chol in the three latter studies, which may indicate that these compositions are prone to light-induced phase separation [32] .
As observed by others [29, 31] , we find that the Ld+ Lo coexistence region for SM/DOPC/Chol extends over a broad region of composition space at lower temperature, and narrows at higher temperatures. At the highest temperatures, Ld+ Lo phase coexistence persists only at compositions near the REE peak (Fig. 1) , consistent with the observations by Veatch and Keller [29] .
Critical point
We find a ridge of enhanced FRET in single-phase compositions just above the Ld + Lo boundary (Fig. 1, upper panel) that persists even to 45°C (Fig. S1) [54] . Using 9.5 GHz ESR, Smith and Freed reported a critical point for bSM/DOPC/Chol at 0.20/0.50/ 0.30, a substantially higher DOPC content than found in the present study [30] . This is perhaps due to the difficulties inherent in analyzing ESR spectra that are a superposition of Ld and Lo phase components near a critical point, where the coexisting phases have nearly identical physical properties. Moreover, ESR determinations of the critical point location in PSM/POPC/Chol are also shifted to higher fractions of low-Tm lipid [21, 23] .
Tielines
The bSM/DOPC/Chol tieline reported here (33°slope) agrees well with SSM/DOPC/Chol measurements by Farkas and Webb, who used both polarization imaging of GUVs and mass spectrometry on phase patches excised from GUVs [31] . They report a tieline in the Ld + Lo coexistence region with a 37°slope, and suggested that tielines become less steep upon approaching the three-phase triangle where our bSM/DOPC/Chol tieline is approximated. Our bSM/DOPC/Chol tieline is not as steep as the analogous tieline with slope 40°found by Smith and Freed, who used a novel tieline field method to fit fluorescence microscopy and ESR results for bSM/DOPC/Chol [30] . This discrepancy may be due to the methodology used, which relies heavily on the location of the critical point and Ld + Lo boundary for determining tieline slopes: as mentioned previously, the critical point determined by ESR occurs at lower SM and Chol fractions, requiring tielines with greater slopes.
Our bSM/DOPC/Chol tieline is steeper than the corresponding DSPC/DOPC/Chol tieline, which has a 22°slope [8] . The difference indicates stronger partitioning of cholesterol into the Lo phase in SM-containing mixtures, in agreement with studies that find a more favorable interaction between Chol and SM, compared to DPPC or DSPC [55, 56] . For SM and PC mixtures, the tieline Lo composition is similar, indicating that cholesterol solubility in the gel phase does not depend on the type of high-Tm lipid present. Other studies have found that the disappearance of gel phase at the upper corner of the three-phase triangle occurs at~25-27 mol% Chol for several high-Tm lipids [57, 58] .
Ternary phase behavior of bSM/POPC/Chol
Ld + Lo region and tielines
FRET experiments for bSM/POPC/Chol were performed under identical conditions to those for bSM/DOPC/Chol. The large FRET peak seen in the interior of the DOPC surface marking the Ld + Lo region (Fig. 1, upper panel) is dramatically attenuated in bSM/POPC/ Chol (Fig. 3, upper panel) , an observation consistent with a reduction in domain size upon substituting POPC for DOPC. Qualitatively, the size of domains must be close to the spatial detection limit for FRET, which is approximately the Förster distance for this probe pair (i.e., R 0~6 nm). Weaker partitioning of Ld-preferring probes in POPC mixtures is an alternative explanation for the reduced magnitude of FRET efficiency.
We report a single tieline for bSM/POPC/Chol. As for bSM/DOPC/ Chol, this tieline was chosen along the trajectory through the FRET surface features of greatest magnitude (Figs. 3, S3) . The tieline endpoints reveal stronger partitioning between Ld and Lo domains for POPC (partition coefficient into Ld phase, Kp~13) than for bSM (Kp~1/3), consistent with our SANS result that a PSM/dPOPC/Chol sample exhibits increased scattering compared to a dPSM/POPC/Chol sample of otherwise identical composition (Fig. 8) . Although the bSM/POPC/Chol tieline is slightly shorter than the bSM/DOPC/Chol tieline, it lies along the same compositional trajectory, consistent with the analogous tieline in DSPC/ DOPC/Chol [8] . In that study, we observed that while the length of the tieline followed the trend DOPC > POPC > SOPC, the tieline slope remained constant [8] . Interestingly, the bSM/DOPC/Chol and bSM/ POPC/Chol phase diagrams are similar, indicating that changing the low-Tm lipid from DOPC to POPC does not significantly alter the phase diagram. This result is consistent with recent work using a novel FRET technique, which reported similar phase diagrams for DSPC/DOPC/ Chol and DSPC/POPC/Chol [59] , despite domains being macroscopic in DSPC/DOPC/Chol and nanoscopic in DSPC/POPC/Chol [8, 10, 11] .
SANS detects liquid domains in PSM/POPC/Chol, but not in bSM/ POPC/Chol
Like FRET, SANS relies on the segregation of a "probe" molecule between phase domains. However for SANS, unlike for FRET, the probe is a chain-perdeuterated variant of one of the lipid species. The scattering signal that arises from a non-random lateral distribution of the probe is therefore directly attributable to spatial segregation of the lipids themselves, rather than the inherently indirect observations of lateral heterogeneity made with fluorescence probes. We observed an increase in scattering attributable to Ld+ Lo domain formation in PSM/POPC/ Chol (Fig. 8) , but not bSM/POPC/Chol (Fig. 7) . Monte Carlo simulations indicate that the minimum domain radius detectable by SANS is 7 nm [10, 49] , which allows us to place an upper limit on domain size in bSM/POPC/Chol of~7 nm radius. Combining our FRET and SANS results, we are able to place a range of 2-6 nm radius on Ld+ Lo domains in bSM/POPC/Chol.
Comparison of published SM/POPC/Chol phase diagrams
SM/POPC/Chol is generally recognized as one of the best threecomponent lipid mixtures for modeling the mammalian outer leaflet [24] and consequently it is among the most studied: at least five published phase diagrams exist for bSM/POPC/Chol [16] and PSM/POPC/ Chol [14, 19, 23, 29] . All of these reports find Ld+ Lo phase coexistence in the central region of the phase diagram, and most agree on tieline slope just above the three phase region, including the present study and others [19, 23, 29] . Despite this general similarity, the precise locations of phase boundaries vary considerably, particularly with respect to the region of Ld+ Lo coexistence, as demonstrated in Fig. 9B . Some discrepancies, such as the location of the upper boundary of the three-phase region, are likely due to subjectivity in distinguishing a minor component of a composite signal (i.e., a signal arising from the presence of probe in multiple environments). Aside from such differences, the main distinction between the phase diagrams occurs at low SM fractions, where some diagrams report Ld+ Lo phase coexistence extending to the POPC/Chol binary axis [14, 19] or very near the binary axis [16] , while others (including the present study) do not detect Ld+ Lo phase coexistence below 20 mol% SM [23, 29] . These discrepancies are significant and merit further consideration.
Spatial sensitivity of techniques
In studies of lipid phase behavior, an important distinction is often made between ESR and single-probe fluorescence spectroscopies (i.e., fluorescence lifetime, quenching, and quantum yield), which have [16] , electron spin resonance (PSM, dot dot dash) [23] , confocal fluorescence microscopy (PSM, dash dash dot) [29] , fluorescence anisotropy (PSM, dashed) [19] , and fluorescence anisotropy and quenching (PSM, dot-dashed) [14] .
"nearest neighbor" sensitivity to the immediate environment of the probe, and techniques that require larger-scale clustering of lipids for detection. While the boundaries are somewhat imprecise, the latter category can be subdivided into "nanoscale" (FRET, SANS, delta-lysin induced dye efflux), "mesocale" (NMR), and "macroscale" (fluorescence microscopy) sensitivity (Fig. 9A) . Nearest-neighbor techniques are in principle capable of detecting lipid clustering at all size scales, ranging from compositional fluctuations inherent in any complex mixture, to first-order phase separation with "infinite" sized domains; however, it is not clear that these extremes can be distinguished from each other. This is a significant caveat, since domains smaller than a few nanometers consist of only a few shells of lipid, and are unlikely to be subject to the constraints of first-order phase separation implied by phase boundaries and tielines. Furthermore, the size and lifetime of these clusters may be too small and short-lived to achieve the functions ascribed to lipid rafts in cells. For example, a single alpha-helical portion of a transmembrane peptide alone has twelve nearest-neighbor lipids [60] [61] [62] and would therefore require a raft comprising at least these many lipids to be considered as part of the phase comprising that lipid.
An additional issue with fluorescence-based techniques is that it is often challenging to distinguish between continuous variation in the fluorescence signal due to gradual changes in interfacial polarity and chain order that accompany changes in mixture composition, versus abrupt changes due to a first-order phase transition and the onset of a new chemical environment. This is particularly true if probe partitioning between the two environments is nearly unity. For this reason, data at high compositional resolution (such as our FRET surfaces) can be of great benefit. Furthermore, our temperature-dependent results for bSM/ DOPC/Chol and bSM/POPC/Chol permit comparison of bSM/POPC/Chol FRET surfaces in question with FRET surfaces exhibiting well-established first order phase transitions (bSM/DOPC/Chol at 15 and 25°C, Fig. 1 ) and known small-scale heterogeneity (bSM/DOPC/Chol at 45°C, Fig.  S1 ). Indeed, it is often more robust to interpret variation in a FRET signal, as we have done here, rather than absolute magnitude. We find that FRET detects heterogeneity in bSM/POPC/Chol at 15 and 25°C that disappears at 35°C. Comparing the FRET results for bSM/DOPC/Chol and bSM/POPC/ Chol (Figs.1-4 , S1-S3), it is clear that no large-scale separation of phase domains is present for bSM/POPC/Chol. Instead, domains at the lower temperatures are evidently on the size scale of R 0 for these probe pairs, or~2-6 nm.
Effect of probes
Extrinsic probes may perturb the native phase behavior of a lipid mixture, to an extent that depends not only on the identity and concentration of the probe, but also on the properties of the mixture itself. For example, ternary mixtures containing POPC, Chol, and a variety of SM species have a strong tendency to form large domains in the presence of intensely illuminated fluorescent probes [32] . Veatch and coworkers reported that impurities can stabilize Ld+Lo phase coexistence at higher temperatures [34] . Hammond et al. found that cross-linking the minor impurity ganglioside GM1 (b 2 mol%) with cholera toxin B subunit increased domain size in bSM/DOPC/dioleoylphosphatidylglycerol (DOPG)/Chol and expanded the Ld+Lo phase coexistence region [63] . In light of these findings, it is reasonable to believe that with 4 mol% quencher, domains smaller than the detection limit in the native lipid system (i.e., without quencher) could be sufficiently perturbed to form detectable domains in the presence of a quencher [14] . Similarly, a 0.25 mol% concentration of deltalysin, while perhaps minimally perturbing in a randomly mixed bilayer, might become extremely perturbative upon partitioning, as described, 1000-fold into Ld phase [16] .
The question remains as to whether the native SM/POPC/Chol system exhibits true first-order phase separation. The studies with the smallest concentrations of extrinsic probes (i.e., our bSM/POPC/Chol study with Chol-analog DHE and 0.05 mol% Ld-preferring fluorescent probes, and Ionova et al. PSM/POPC/Chol with 0.5 mol% spin label) are consistent with first-order phase separation [23] . Theoretical models and some methods for measuring domain size require or benefit from conducting analysis on a thermodynamic tieline, along which the compositions of the coexisting phases remain constant. However, it is important to note that these constraints do not strictly hold in quasiternary systems where the SM species is a natural mixture, or the probe and peptide concentrations are present in significant amounts. In these systems, there may be a gradual change from small-scale heterogeneity or clusters on the POPC/Chol binary axis, to larger domains in the Ld+Lo region of the ternary SM/POPC/Chol system. The boundaries detected by various methods reflect the compositions at which domains become large enough to be detected via the method employed. The variability in reported phase diagrams highlights not only differences in technique sensitivity, but also the natural tendency for SM/POPC/Chol mixtures to separate into larger domains upon perturbation.
Nanodomain size in SM/POPC/Chol
In addition to the thermodynamic information contained in the phase diagram, the size, morphology, and dynamics of membrane domains likely play a crucial role in the biological functions of rafts. An abundance of evidence points toward coexisting fluid domains in SM/ POPC/Chol, with sizes much smaller than the wavelength of visible light. In particular, the absence of visible phase separation with light microscopy implies domains smaller than the optical resolution limit of 200 nm. The physico-chemical properties of rafts, including their intrinsic stability, strongly depend on where their size falls within the "nanodomain regime" of~2-200 nm: Are they small clusters of tens of lipids, with poorly-defined boundaries and only minor differences in properties compared to the surrounding sea? Or are they large aggregates of tens of thousands of lipids, with a well-defined interior environment that differs significantly from the surrounding bilayer?
Several domain size measurements have been made at or near the "canonical" raft composition 1:1 SM:POPC with 20-35 mol% Chol. An early report of micron-sized domains [29] was subsequently revealed to be an artifact of photo-induced lipid breakdown [32] . Using a FRET-based model, de Almeida et al. reported 75-100 nm domains (or~10,000 lipids per leaflet) for compositions near the equimolar mixture PSM/POPC/Chol = 0.33/0.33/0.33 at 23°C [15] . This result was supported by an 2 H-NMR study, which reported a minimum domain size of 45-70 nm for a similar composition at 37°C [20] . A solid state NMR study found no domains at this composition for bSM/POPC/Chol [64] , and others have interpreted these results to suggest domains on the order of b 10 nm [16] . Bartels et al. detected domains in PSM/ POPC/Chol = 0.40/0.40/0.20 with 2 H-NMR, but did not detect domains at higher cholesterol concentrations, or at temperatures above 25°C [65] . A study employing delta-lysin release kinetics suggested domain sizes on the order of the peptide length of~4 nm at several compositions, including bSM/POPC/Chol= 0.40/0.30/0.30 [16] . More recently, Pathak and London recognized that the loss of a FRET signal as a function of increasing R 0 could be used to infer domain size, using a limit-of-detection argument. They reported a decrease of domain size from 8-10 to b4 nm between 25 and 37°C in bSM/POPC/Chol = 0.33/ 0.33/0.33 [22] . To summarize these studies, a range of domain sizes spanning two orders of magnitude has been reported for similar raft compositions at similar temperatures.
By combining data from FRET and SANS, two fundamentally different techniques with different minimum spatial sensitivities, we were able to constrain domain sizes in bSM/POPC/Chol to between 2 and 7 nm radius. Our FRET results alone set a lower limit for domain size (the Förster distance) but do not strictly rule out larger phase domains. If fluorescence probes do not partition strongly between phase domains, or if domains are smaller than the Förster distance in at least one spatial dimension, FRET efficiency will not vary significantly in a phase coexistence region. Compositional variation in FRET for bSM/ POPC/Chol is much less than for bSM/DOPC/Chol, but it is decidedly present. Given the Förster distances of our FRET pairs, domains cannot be much smaller than 2 nm and still be detectable by FRET, while domains larger than 7 nm would be detected with SANS. The complementary spatial resolution of FRET and SANS therefore allowed a model-free determination of domain size range in bSM/POPC/Chol of 2-7 nm, or 25-300 lipids per leaflet. (A model-dependent approach would involve quantitative fitting of FRET data to determine the dependence of domain size on the FRET intensity, and that study is currently underway.) This is similar to the result from Pathak and London of 8-10 nm at 25°C, and markedly different from other estimates mentioned previously.
An important finding is that SANS detected nanodomains in PSM/ POPC/Chol, but not in bSM/POPC/Chol. This result is consistent with a number of studies, concluding that the structural details of SM may play an important role in membrane spatial organization. An NMR study of ternary mixtures consisting of a natural SM with DOPC and Chol found a broader compositional range of liquid phase coexistence for eSM than for bSM, and no liquid coexistence for milk-SM [66] . Farkas has reported significantly higher chain order in GUVs comprising SSM mixtures, compared to bSM mixtures [67] . Higher chain order could indicate that pure SM species (including PSM and SSM) mix more poorly with low-Tm lipids, giving rise to larger domains. While the origin of specific SM/Chol interactions is not yet known, hydrogen bonding, lipid packing, and hydrophobic mismatch are likely to play a role [25, 68] . Understanding the significance of each factor will aid in interpreting studies that report compositional heterogeneity in ternary SM/POPC/Chol mixtures with some SM species, but not others.
Comparisons between bSM-and DSPC-containing ternary systems indicate other significant differences that depend on the nature of the high-Tm lipid. For example, lipid analogs with long saturated chains and headgroup labels such as 1,1-dieicosanyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI-C20:0), prefer ordered phases in DSPC/DOPC/Chol but not in bSM/DOPC/Chol [69] . Though both systems exhibit macroscopic phase separation, their ordered phases may differ in other respects: while SM and DSPC share the same choline headgroup, it seems that the SM headgroup region is more ordered and unable to accommodate bulky probes in Lo phases with bSM, compared to DSPC [70] . Indeed, MD simulations indicate greater Lo phase order in the interfacial region for SM than saturated PC species [71] , though the origins of Chol preference for SM over saturated PC species remains ambiguous [68, 72] . SM and PC species have the same headgroup, but they have different backbones linking the headgroup with the acyl chains. In particular, the SM link is capable of forming hydrogen bonds with Chol. When this link is replaced by the PC link, the interaction between SM and Chol decreases significantly, as detected by fluorescence spectroscopy [73] .
Biological relevance
Our studies conclusively demonstrate that Ld+ Lo phase coexistence in bSM/POPC/Chol results in domains between 2 and 7 nm in radius. These domains contain fewer than 300 lipids per leaflet, a finding that could have important consequences for the ability of membraneassociated proteins to find their substrates: even if both molecules partition into the same phase, the phase domain may not be large enough for binding partners to interact with each other. If, however, phase domains grow larger upon an external stimulus, the molecules can then find each other. This is a very different picture than previous domain size measurements, which reported domains with~10,000 lipids per leaflet [15] . As mentioned, SM/POPC/Chol mixtures are uncommonly prone to artifactual phase separation. We are not the first to speculate that the lipid composition of plasma membranes may be tuned to the brink of a transition, poised to separate into larger structures upon slight perturbation (here we refer to size transitions, not phase transitions). In this study, we provide evidence for the existence of such small domains in probe-free model membranes. Future combined FRET and SANS studies should prove useful for examining changes in domain size, such as those induced by lipid composition or external crosslinking.
Conclusions
1. FRET establishes the presence of Ld + Lo and Lo + Lβ coexistence regions in bSM/DOPC/Chol bilayers at 35°C and lower. At 45°C, FRET reports miscibility over the entire composition space. 2. For both donor/acceptor pairs used in this study, FRET does not detect Ld + Lβ phase coexistence at low Chol concentration. However, DSC confirms the existence of phase separation in this region. 3. Our FRET results are consistent with Ld + Lo coexistence in bSM/ POPC/Chol. Compositional trends in FRET data indicate domain formation on the order of the Förster distance R 0~2 -6 nm for these probe pairs, while SANS is consistent with complete lipid miscibility. Taking into account the different spatial sensitivities of these techniques, the data are consistent with the presence of domains no larger than~7 nm in radius. 4. Upon replacing the natural bSM mixture with synthetic PSM, SANS reports domain formation for the composition PSM/POPC/Chol = 0.39/0.39/0.22. We conclude that size of Ld + Lo nanodomains is exquisitely sensitive to details of the structure of the high melting temperature lipid. Researchers should be aware that the choice of SM-natural versus chemically pure-can have profound consequences for the detailed nature of any coexisting phase domains.
